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ABSTRACT
We make an analytical estimate of the maximum 21 cm absorption signal from the cosmic
dawn, taking into account the inhomogeneity of gas distribution in the intergalactic medium
(IGM) due to non-linear structure formation. The gas located near halos is over-dense but
adiabatically heated, while the gas far from halos is under-dense and hence cooler. The cumulative
effect of adiabatic heating and cooling from this gas inhomogeneity results in a reduction in the
maximum global 21 cm absorption depth by about 40% as compared with homogeneous IGM
model, assuming saturated coupling between the spin temperature of neutral hydrogen (HI) and
the adiabatic gas kinetic temperature.
Subject headings: Cosmology: theory — dark ages, reionization, first stars — intergalactic medium
1. Introduction
The EDGES experiment (Experiment to Detect
the Global Epoch of reionization Signature; Bow-
man & Rogers 2010) has recently announced the
discovery of an absorption feature in the global
spectrum of the sky around 78 MHz (Bowman
et al. 2018). If this is due to the global 21 cm
absorption signal from the cosmic dawn (Madau
et al. 1997; Chen & Miralda-Escude´ 2004, 2008;
Furlanetto 2006), it amounts to 21 cm bright-
ness temperature δT21 = −500+200−500 mK (99% con-
fidence level, Bowman et al. 2018), which is much
deeper than what is typically expected from stan-
dard models of the diffuse intergalactic medium
(IGM), indeed even deeper than the largest possi-
ble absorption by the adiabatically cooled primor-
dial gas. To explain this excess absorption, vari-
ous models are developed, e.g. to cool the gas by
interaction with cold dark matter (e.g. Barkana
2018; Mun˜oz & Loeb 2018; Fialkov et al. 2018;
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Barkana et al. 2018; Slatyer & Wu 2018; Hirano
& Bromm 2018; Mun˜oz et al. 2018), or to increase
the background radiation intensity (e.g. Feng &
Holder 2018; Ewall-Wice et al. 2018; Fraser et al.
2018).
Previous calculation of the expected global sig-
nal level considered only the diffuse IGM with the
mean cosmic density, or with the large-scale den-
sity field from relatively low-resolution simulations
(e.g. Cohen et al. 2017). However, the matter den-
sity surrounding halos is enhanced (Barkana 2004;
Prada et al. 2006; Betancort-Rijo et al. 2006),
which could make a significant contribution to the
total absorption signature. On the other hand, as
the virial temperatures of halos at the redshifts of
interest are typically higher than the CMB tem-
perature, the neutral gas inside halos could pro-
duce weak 21 cm emission signals which compen-
sate part of the absorption signal (Yue et al. 2009).
Here we re-evaluate the total 21cm global signal
by focusing on the cold gas surrounding the ha-
los which is neither virialized nor heated by astro-
physical or exotic radiations.
While the absorption depth is proportional to
the gas density, adiabatic heating would increase
the temperature and leads to only a small increase
in the absorption from over-dense regions in the
IGM (Barkana 2018). The gas in the voids on the
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other hand, would produce a less weak absorp-
tion due to the opposite effects. The overall effect
of the inhomogeneous gas distribution is not yet
quantified. Using a high redshift point source as
the background, Xu et al. (2011) computed the 21
cm absorption signals from individual minihalos
and dwarf galaxies, including both the gas con-
tents inside and around the halos. With similar
algorithm for computing the optical depth, but
using the CMB as the background radio source,
we can derive the global 21 cm signal from the cu-
mulative absorption from the inhomogeneous gas
distribution within and around halos arising from
non-linear structure formation. We find that be-
fore the occurrence of significant X-ray heating in
the early Universe, the maximum global 21 cm ab-
sorption depth is reduced when compared with the
case of homogeneous IGM, thanks to the adiabatic
heating effect of the over-dense gas surrounding
the halos.
Throughout this paper, we assume the ΛCDM
model and adopt the Planck 2015 cosmolog-
ical parameters (Planck Collaboration et al.
2016): Ωb = 0.0485, Ωc = 0.259, ΩΛ = 0.692,
H0 = 67.81 km s
−1 Mpc−1, σ8 = 0.8149 and
ns = 0.9677. However, the effect discussed here
are not sensitive to the parameter values.
2. The 21 cm absorption line from the gas
around one halo
We begin by calculating the 21 cm absorption
line profile from the neutral hydrogen surround-
ing an isolated halo. Note that we also include
the absorption from the gas inside halos assuming
collisional ionization equilibrium (Xu et al. 2011),
but this part of gas only has a small contribution
to the total absorption. As we shall find from the
calculations below, the main contribution to the
optical depth is from the gas outside of halos with
the adiabatic temperature much lower than the vi-
ral temperature. The 21 cm optical depth of an
isolated object can be derived from the integral of
the absorption coefficient along the line of sight
(Furlanetto & Loeb 2002; Xu et al. 2011):
τ(ν) =
3hP c
3A10
32pi3/2kB
1
ν210
×
∫ +∞
−∞
dx
nHI(r)
b(r)TS(r)
exp
[
− (u(ν)− v¯(r))
2
b2(r)
]
,
(1)
where hP is the Planck constant, c is the speed of
light, A10 = 2.85 × 10−15 s−1 is the Einstein co-
efficient for the spontaneous decay of the 21 cm
transition, and kB is the Boltzmann constant. In
the integrant, nHI, TS, and b are the neutral hy-
drogen number density, the spin temperature, and
the Doppler parameter of the gas, respectively.
b(r) =
√
2 kBTK(r)/mH, u(ν) ≡ c (ν − ν10)/ν10
with ν10 = 1420.4 MHz being the rest frame fre-
quency of the 21 cm transition, and v¯(r) is bulk
velocity of gas projected to the line of sight at the
radius r. The coordinate x is related to the radius
r by r2 = (α rvir)
2 + x2, where α is the impact
parameter of the penetrating line of sight in units
of the halo virial radius rvir.
The cold over-dense gas around the halos could
absorb the CMB photons and enhance the 21 cm
absorption with respect to that due to only the
diffuse IGM. However, even in the absence of X-
ray heating from the first astrophysical sources,
the over-dense gas surrounding halos is adiabati-
cally heated according to TK ∝ ρ2/3, and due to
dearth of metals, the cooling is very slow. This
counteracts and reduces the density enhancement
effect. To estimate the maximum level of absorp-
tion, here we assume saturated coupling between
the spin temperature and the gas kinetic temper-
ature by the Lyα radiation via the Wouthuysen-
Field effect (Wouthuysen 1952; Field 1958; Hirata
2006), i.e. TS = TK.
In addition to the enhanced density, the grav-
itational potential of a halo also induces infall of
the surrounding gas (Barkana 2004; Prada et al.
2006; Betancort-Rijo et al. 2006), and the gas out-
side the virial radius has a velocity which is deter-
mined by the competition between the infall and
the Hubble flow. The gas density and infall veloc-
ity profiles are calculated with the spherical col-
lapse “Infall Model” (Barkana 2004) 1.
1The “Infall Model” code is publicly available at
http://wise-obs.tau.ac.il/˜barkana/codes.html.
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The optical depth profiles of a halo with mass
108M at redshift z = 17 are plotted in Fig. 1
for a few impact parameter values. The peak op-
tical depth is significantly enhanced for lines of
sight penetrating through the gas just outside the
virial radius (the dotted, dot-dashed, and long-
dashed lines for α = 1, 3, and 10, respectively),
as compared to the optical depth caused by the
IGM of the mean density (the short-dashed line
for α = 30).
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Fig. 1.— The optical depth profiles for a few line
of sights passing through the gas around an iso-
lated halo with mass M = 108M at z = 17,
assuming adiabatic gas temperature. The impact
parameters of the different curves are α = 0 (solid
black), 1 (dotted red), 3 (dot-dashed green), 10
(long-dashed magenta), and α = 30 (short-dashed
blue), respectively.
The line profiles in Fig.1 can be understood by
noting the different contributions from the gas lo-
cated at different radii (Xu et al. 2011). Let νp(r)
be the peak frequency of optical depth generated
by gas located at radius r, the absorption is shifted
from the line center by
νp(r)− ν10 = v¯(r)
c
ν10. (2)
Because of the infall, the absorption line is sig-
nificantly broadened, dramatically exceeding the
thermal broadening. The segmental contributions
to the optical depth from the gas located at differ-
ent radii are plotted in Fig.2. The gas located just
outside the rvir has the largest infall velocity, and
the corresponding absorption lies at the largest
distance to the line center in the upper panel. Its
optical depth is however a bit suppressed because
of the higher temperature of the denser gas. As
the radius increases, the τν profile gets closer to
the line center because of the decreasing infall ve-
locity. At the turn-around point, where the gas
velocity changes from infall-dominated to Hubble-
flow-dominated, the two absorption lines created
by the two segments on both sides of the halo con-
verge into one at the line center, and they con-
tribute substantially to the central optical depth.
After that, the τν profiles that come from larger
radii leave the line center again, and when it goes
out of the region influenced by the halo’s gravity,
and the density drops to the cosmic mean value,
we recover the IGM mean optical depth.
Therefore, for a line of sight penetrating
through an isolated halo at cosmic dawn with
a small impact parameter, the optical depth is
significantly enhanced, not only because of the
enhanced density, but also because of the in-
falling velocity which re-distributed the absorption
depth. In order to correctly determine the optical
depth and the profile of the 21 absorption lines
from individual halo surroundings, it is important
to take into account both the effect of enhanced
density and the infalling velocity of the gas. How-
ever, when considering the overall absorption by
the gas surrounding all halos, the infalling velocity
which acts as a re-distributor, may not have such
a significant effect. The adiabatic heating/cooling
of the over-dense/under-dense gas, on the other
hand, may have a cumulative effect. Note that
here we have assumed that the gas follows the
dark matter distribution according to the infall
model, and the gas fraction equals to the cosmic
mean baryonic fraction everywhere. In the fol-
lowing, we will investigate the relative effects of
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Fig. 2.— Contributions to the optical depth from
the gas at different radii, for a line of sight pen-
etrating through the center of an isolated halo of
mass 108M at redshift 17. Upper panel: the solid
lines from right to left correspond to the absorp-
tions by segments of (1 – 2) rvir, (2 – 3) rvir, (3 – 4)
rvir, (4 – 5) rvir, (5 – 6) rvir and (6 – 7) rvir, respec-
tively, and the dashed line represents the absorp-
tion by the segment of (7 – 8) rvir. Central panel:
the 9 solid lines from left to right correspond to
the absorptions by segments of 1 rvir each starting
from 8 rvir. Bottom panel: the 3 solid lines from
left to right correspond to the absorptions by seg-
ments of 1 rvir each starting from 17 rvir, and the
last curve represents the integral absorption from
20 to 100 rvir.
enhanced density, the infalling velocity, as well
as the adiabatic heating/cooling, on the cumula-
tive absorption from the gas around non-isolated
halos, with the total gas content normalized.
3. The 21 cm spectrum from cumulative
gas around all halos
The radiative transfer equation in the Rayleigh-
Jeans limit gives the emergent 21 cm brightness
temperature:
Tb = T
out
CMB + T
out
em
= TCMB e
−τtot +
∫ τtot
0
TS(τ) e
−τ dτ, (3)
where T outCMB is the contribution from the back-
ground radiation, and T outem is the contribution
from the gas emission. Here TCMB is the CMB
temperature at redshift z, and τtot is the inte-
grated optical depth from all gas in the Universe
that could contribute to the 21cm absorption at
the corresponding frequency. We have to account
for the gas surrounding all halos, from the regions
with enhanced density near the halos to the re-
gions with lower density faraway. Accordingly, the
gas is adiabatically heated or cooled depending on
the local density. In the case of homogeneous spin
temperature of HI, Eq.(3) reduces to
Tb = TCMB e
−τtot + TS (1 − e−τtot). (4)
However, here we have to use the original form of
Eq.(3) in order to account for the inhomogeneity
in the gas temperature.
In the above we find that the infall veloc-
ity is important for broadening the absorption
line produced by each halo. As a consequence,
the gas with the bulk velocity of v¯(r) can con-
tribute to the absorption at the central 21 cm
frequency at z, which is at a comoving distance
∆l = (1 + z)v¯(r)/H(r) away from it, so for the
21cm optical depth corresponding to a certain red-
shift z, one needs to integrate the contribution up
to distance ∆lmax away, which is determined by
the maximum infall velocity which depends on the
halo mass. The integrated optical depth of the 21
cm absorption at an intrinsic frequency ν10 at red-
shift zc is then
τtot(zc) =
3hP c
3A10
32pi3/2kB
1
ν210
×
∫ +∞
−∞
dl(z)
∫ Mmax
Mmin
dn
dM
(M, z)dM
×
∫ αmax
0
2pi r2vir(M, z) (1 + z)
2 αdα
×
∫ +xmax
−xmax
dx
nHI(r)
b(r)TS(r)
exp
[
− (u(ν)− v¯(r))
2
b2(r)
]
.
(5)
Here ν is related to ν10 by ν/(1+z) = ν10/(1+zc),
xmax = rvir
√
α2max − α2, and dn /dM is the halo
mass function, for which we adopt the Sheth-
Tormen form (Sheth & Tormen 2002). We inte-
grate the absorption by the gas content out to a
maximum impact parameter αmax, which is set
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to be half of the mean halo distance determined
by the minimum halo mass under consideration;
the gas located at farther than this distance would
probably be influenced by the gravitational poten-
tial of a neighboring halo, and this part of gas is
taken into account as contribution from the neigh-
boring halo surrounding.
For a patch of HI gas from one halo, the emis-
sion term in the emergent brightness can be writ-
ten as
T outem,1h =
∫ +xmax
−xmax
TS(x) e
−τ(x) κν(x) dx
=
3hP c
3A10
32pi3/2kB
1
ν210
×
∫ +xmax
−xmax
e−τ(x)
nHI(r)
b(r)
exp
[
− (u(ν)− v¯(r))
2
b2(r)
]
dx,
(6)
where
τ(x) =
3hP c
3A10
32pi3/2kB
1
ν210
×
∫ x
−xmax
nHI(r
′)
b(r′)TS(r′)
exp
[
− (u(ν)− v¯(r
′))2
b2(r′)
]
dx′.
(7)
Adding up the emission from all halos, the total
emission term in Eq.(3) is then
T outem =
3hP c
3A10
32pi3/2kB
1
ν210
×
∫ +∞
−∞
dl(z)
∫ Mmax
Mmin
dn
dM
(M, z)dM
×
∫ αmax
0
2pi r2vir(M, z) (1 + z)
2 αdα
×
∫ +xmax
−xmax
e−τ(x)
nHI(r)
b(r)
exp
[
− (u(ν)− v¯(r))
2
b2(r)
]
dx.
(8)
The observed 21 cm signal is the differential
brightness temperature relative to the CMB, i.e.
δT21(zc) =
Tb(zc) − TCMB(zc)
1 + zc
. (9)
The 21 cm signal depends on the neutral gas
content of matter in and around halos. Small ha-
los have shallow gravitational potential and could
hardly retain enhanced gas density around them,
Fig. 3.— The optical depth contributed from the
gas surrounding halos of different mass ranges at
redshift 17. The blue histogram shows the contri-
bution of various halos assuming Mmin = 10
5M,
and the black histogram shows the result with
Mmin = 10
6M.
while very massive halos would have high proba-
bility of hosting the first stars or galaxies at cosmic
dawn and get the surrounding gas ionized. Beyond
redshift 7, for an early X-ray background less than
20% of the intensity today, the characteristic mass
MC at which halos on average could retain half of
their baryons is ∼ 106M (Xu et al. 2011). Ha-
los with lower mass could also have gas content
in and around them, but we take this mass limit
as the minimum mass for a halo that could in-
duce enhanced gas density outside of it. The gas
around lower mass halos is taken into account by
the integration up to the maximum impact param-
eter, well into the IGM. In the following, we con-
sider halos with masses in the range of [106M –
1011M] which cover the characteristic halo mass
and most of the halos that could retain cold and
neutral gas around them. We will also show re-
sults with Mmin = 10
5M, in order to investi-
gate the effect of this uncertain mass limit. The
higher mass halos have dense infalling gas around
them, and even the adiabatic heating could raise
the gas temperature in the nearest region above
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the CMB temperature at the time. This effect,
in combination with the much lower number den-
sity of massive halos, results in negligible contri-
bution from the gas surrounding halos more mas-
sive than 1010M (as seen from Fig. 3), and we
conservatively set the upper limit to be 1011M.
We also tried including the contribution from the
gas in and around halos up to 1012M assuming
no ionization, and found that it made a negligible
correction to the total optical depth.
Using the mean density profile predicted by the
“infall model”, the different contributions to the
optical depth from the gas surrounding halos of
different mass ranges are plotted with the his-
togram in Fig. 3. We find that the gas surrounding
low mass halos dominates the absorption. Com-
bining the background radiation attenuated by the
total optical depth T outCMB and the gas emission
term T outem , the thick solid line in Fig. 4 shows the
maximum 21 cm absorption signal, or the mini-
mum 21 cm brightness temperature evolution dur-
ing the cosmic dawn, when the inhomogeneous gas
distribution with inhomogeneous temperature is
taken into account. The previous prediction in
which all gas is homogeneously distributed in the
IGM, is plotted with the thick dashed line. We
find that the maximum 21 cm global spectrum sig-
nal expected in the standard model is reduced by
a factor of about 40% as compared with previous
prediction with homogeneous IGM, due to the in-
homogeneity in the gas distribution.
Note that there is large uncertainty in the den-
sity profile around halos, even in the ideal case
predicted by the infall model (see the large scatter
in Fig. 3 of Barkana 2004). In the above calcu-
lation, we have neglected the halo clustering, and
the infall model predicts the density profile within
a biased region with an initial over-density. In
a more realistic situation, the halos tend to clus-
ter in over-dense regions, and the distances be-
tween halos in these regions are smaller than the
mean halo distance estimated from the mean halo
number density. If we integrate the gas content
up to half of the mean halo distance around each
halo, we would over-count the total gas amount.
Here we introduce a normalization factor to the
mean density profile predicted by the model, i.e.
ρ(r) = C [1 + δ(r)] ρ¯, where the normalization fac-
tor C is determined by requiring the conserva-
tion of the total gas content in the Universe. We
Fig. 4.— The 21 cm global spectrum from the
adiabatic gas before reionization assuming satu-
rated Lyα coupling between the HI spin temper-
ature and the gas kinetic temperature. The thick
solid line shows the maximum signal from the in-
homogeneous gas due to non-linear structure for-
mation in the default model with Mmin = 10
6M,
the thin solid line shows the signal with normal-
ized gas content, and the dot-dashed line shows
the signal with normalized gas content assuming
Mmin = 10
5M. For comparison, the maximum
signal from the homogeneous IGM is plotted with
dashed line.
find that for the mean density profile predicted
by the “Infall Model”, this normalization factor
ranges from ∼ 0.87 (z = 20) to ∼ 0.67 (z = 15)
if the Mmin that can induce enhanced surround-
ing density is 106M, or from ∼ 0.69 (z = 20) to
∼ 0.58 (z = 15) if Mmin = 105M. It is smaller
than 1 as expected. The results with normalized
gas content are shown in Fig. 4 with thin solid
line for Mmin = 10
6M and thin dot-dashed line
for Mmin = 10
5M, respectively. The signal is
further reduced due to the normalized gas con-
tent, but the decrement is fairly small because of
the roughly ρ1/3 scaling of the optical depth in the
adiabatic case. Note that the detailed gas density
profile depends on the halo formation history and
should vary from place to place depending on the
6
local gravitational potential.
We also investigate the maximum signal from
inhomogeneous gas density but with homogeneous
temperature without adiabatic heating or cooling
effect. We find that the inhomogeneous distribu-
tion of the gas density alone weakly decreases the
global 21 cm absorption (by ∼ 3% for Mmin =
106M and by ∼ 7% for Mmin = 105M at red-
shift 17), whereas in combination with the adia-
batic heating effect reduces the absorption signal
by ∼ 40%.
The uncertainty in the minimum halo mass that
could induce a higher density in the surrounding
gas does affect the contribution of the absorption
from different halo surroundings as seen in Fig. 3.
However, by integrating the contribution from all
the HI gas in the Universe, the overall effect of
the adiabatic heating/cooling due to the inhomo-
geneity is not very sensitive to the assumed Mmin,
and the results assuming Mmin = 10
6M and that
with Mmin = 10
5M differ by less than 10%. We
also test the effect of the infall velocity, and find
that by integrating over the gas surrounding all
halos, the infall velocity induced by individual ha-
los shifts the contribution of the absorption from
different halos, but only has a negligible effect on
the overall absorption depth.
4. Conclusions and discussions
In this work, we have re-calculated the max-
imum signal of the global 21 cm spectrum from
the cosmic dawn taking into account of the in-
homogeneous distribution of gas in the IGM due
to non-linear structure formation. Assuming adia-
batic gas temperature and saturated Lyα coupling
between the HI spin temperature and the gas ki-
netic temperature, and using the density profile
of halo surroundings predicted by the infall model
(Barkana 2004), we integrate the absorption from
the gas surrounding almost all halos that could re-
tain over-dense neutral and cold gas nearby. We
find that the maximum global 21 cm signal that
could possibly be reached in the standard model is
even weaker than previously thought, by a factor
of ∼ 40%, mainly because of the adiabatic heat-
ing of the inhomogeneous gas around non-linear
structures. This result further escalates the ten-
sion between the standard model prediction and
the observational evidence of the deep absorption
signal (Bowman et al. 2018).
One caveat in the above analytical estimation
is that the infall model we adopted was developed
for isolated halos. In fact, neighboring halos could
modify the density distribution and the velocity
profile around the halos due to the tidal effect
that is inevitable in the realistic environments, and
hence affect the predicted optical depth. In addi-
tion, halo clustering, for which we have not ac-
counted, could further reduce the accuracy of the
model prediction. The gas fractions around halos
of different masses are also quite uncertain, de-
pending on the local gravitational potential and
the photon-evaporation effect once the first stars
formed. More accurate gas distribution in the Uni-
verse requires high-resolution hydrodynamic simu-
lation. Therefore, the result presented here should
only be taken as qualitative. However, the reduced
21 cm absorption is caused by the inhomogeneous
distribution of the gas and the related adiabatic
heating effect, which is inevitable no matter what
density profile we adopt. A more precise estima-
tion of the evolution of the global 21 cm signal also
requires detailed modeling of the first star forma-
tion and the evolution in the Lyα background. We
plan to implement more realistic calculation of the
early Lyα background level and the HI spin tem-
perature in a future work.
Recently, Venumadhav et al. (2018) have found
that in the absence of the first ionizing sources,
there is extra heating by the CMB, which may
induce a ∼ 10% correction on the gas temperature,
and will further reduce the signal. We have not
included this effect in this work, but combining
these two effects, we conclude that the maximum
global 21 cm signal from the cosmic dawn should
be weaker than the previous estimate.
Any X-ray heating in the early Universe would
be an additional effect to further decrease the ab-
sorption level. Depending on the nature of the X-
ray sources (stellar sources, X-ray binaries, QSOs,
or other exotic sources), the evolutional behavior
of its effect on the global 21 cm signal would be
different from the adiabatic heating effect that is
expected to be smoother in redshift. Also, the an-
gular dependence of the 21 cm fluctuations may be
used to distinguish the X-ray heating effect from
the adiabatic heating effect. The adiabatic heating
effect is correlated with the spatial distribution of
predominantly small halos, while the temperature
7
fluctuations from X-ray heating would dominate
the 21 cm fluctuations on larger scales depending
on the X-ray sources (Ross et al. 2018).
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